Abstract. The structures of two porphyrin-based metalorganic frameworks are reported. The reaction of a carboxylic acid functionalised porphyrin with Mn(NO 3 ) 2 gives rise to either a one-dimensional or a two-dimensional framework structure depending on the reaction solvent employed.
Introduction
The synthesis of metal-organic frameworks (MOFs) is a highly topical field [1] that is receiving attention for applications in a number of fields including gas storage [2] , catalysis [3] and luminescence [4] . The incorporation of porphyrins into porous materials [5] and MOFs [6] has received attention over a number of years because of the potential exploitation of the interesting properties, photochemical and electrochemical, that porphyrins and related compounds possess. We have previously studied the use of tetrapyridylporphyrin species, in particular zinc[tetra(4-pyridyl)porphyrin] [7] , in forming coordination polymers, as have others [8] , and have now broadened our studies to carboxylic acid functionalised porphyrin species. Although tetra(4-carboxyphenyl)porphyrin derivatives have been used in the synthesis of MOFs [9] , we decided to explore the possibility of introducing added flexibility to the porphyrin building block by preparing 5,15-dimesityl-10,20-bis(4-phenylaceticacid)porphyrin (LH 2 ) and studying its subsequent reaction with Mn(NO 3 ) 2 .
Experimental
Single crystal diffraction data on 1 and 2 were collected on a Oxford Diffraction SuperNova using mirror monochromated CuK a radiation. See Table 1 for details of the refinement. Both structures were solved and refined using SHELXTL package and OLEX2 [10, 11] . For the refinement of the structure of 1 the hydrogen atoms H3A and H4 were refined and restrained to have O--H distances of 0.840(2) Å and 1,3-distances of C1B--H3A; 1.88(2) Å , Mn1--H3A; 2.82(2) Å , C1C--H4; 1.87(2) Å and Mn1--H4; 2.77(2) Å . Hydrogen atoms H4 and H1CC were restrained to have a minimum separation of 2.10(1) Å . Rigid bond and similarity restraints were applied to the atomic displacement parameters of C1B, O3, O4, C1C and Mn1.
For the refinement of the structure of 2 the Mn1 metal centre, coordinating carboxylate moiety (C36/C37/O1/O2) and ethanol ligand (O5/C1B/C2B) were each found to be disordered over two orientations; the occupancies were refined competitively, converging to a ratio of 0.593(4) : 0.407 (4) . The positions of carboxylate atoms O1, O2 and C37 and their respective minor components were refined with distance restraints O1--O2 of 2.10(2) Å , C37--O1 of 1.25(2) Å and C37--O2 of 1.28(2) Å . The positions of ethanolic atoms C1B, C2B, O5, H5 and their respective minor components were refined and restrained to have distances C1B--C2B of 1.50(2) Å , C1B--O5 of 1.45(2) Å , O5--H5 of 0.85(1) Å , C2B--O5 of 2.40(2) Å , C1B--H5 of 1.90(2) Å . Chemically equivalent 1,2-and 1,3-distances of carboxylate moieties (C36/C37/O1/O2) and (C36A/C37A/O1A/O2A), and coordination environments of Mn1 and Mn1A were restrained to be approximately equal. Rigid bond and similarity restraints were applied to the atomic displacement parameters of all aforementioned disordered components and atoms C33, C32 and C34. Chemically equivalent 1,2-and 1,3-distances within the phenyl ring (C30/C31/C32/C33/C34/C35) were restrained to be approximately equal and the ring was restrained to be planar with respect to both C36 and C36A. Atoms C20A/C21A/C22A/C23A/C24A/C25A/ C26A/C27A/O6 and O7 of the phenylacetic acid moiety of the non-coordinating porphyrin were disordered over two positions; the occupancies were refined and found to converge to values equivalent to the above metal-ligand disorder, they were thus refined using the same free variable [occupancy ratio 0.593(4) : 0.407(4)]. The OH hydrogen atom of the minor component could not be modelled, it was therefore not included in the refinement but has been included in the formula sum. Atoms C10A, (C20A/ C21A/C22A/C23A/C24A/C25A/C26A) and C10A, (C20B/C21B/C22B/C23B/C24B/C25B/C26B) were restrained to be planar. Rigid bond and similarity restraints were applied to the atomic displacement parameters of all disordered components and atom C10A. Rigid bond and similarity restraints were also applied to the atomic displacement parameters of atoms C50/C53/C54/O3 and O4 of a coordinating carboxylate group. The positions of atoms O3 and H6a were refined and restrained to have a separation of 1.90(2) Å . Atoms H5a and O3 were restrained to have a minimum separation of 2.40(2) Å . PLATON SQUEEZE [12] was applied to the data to remove the scattering contributions from regions of diffuse solvent which could not be modelled as discrete atoms. A set of solvent-free diffraction intensities was produced and this was used for the final cycles of refinement. A total of 369 electrons were removed from the P1 cell, equating to 3.5 ethanol solvent molecules per formula unit; these were included in the formula sum.
Synthesis of 5,15-dimesityl-10,20-bis(4-phenylaceticacid)porphyrin: A solution of 5-mesityldipyrromethane (0.29 g, 1.10 mmol) and 4-formylphenylacetic acid (0.15 g, 1.10 mmol) in dichloromethane (110 mL) was degassed under a stream of N 2 for 1 h. Trifluoroacetic acid (0.15 mL, 1.96 mmol) was added and the resultant solution was stirred under nitrogen atmosphere for 30 min, during which time a gradual colour change from yellow to purple was observed. 2,3-Dichloro-5,6-dicyanobenzoquinone (0.25 g, 1.10 mmol) was then added and the mixture was stirred for an additional 1 h. The final mixture was concentrated and passed through a silica pad [chloroform/ methanol/acetonitrile (18 : 1 : 1)]. The solvent was removed under reduced pressure to afford a green solid which was further purified by column chromatography [silica; n-hexane/ethyl acetate (1 : 1) ! n-hexane/ethyl acetate/acetic acid (50:50:1)] to yield 5,15-dimesityl-10,20-bis(4-phenylaceticacid)porphyrin (42 mg, 5%) as a purple solid. À5 mol) in tetrahydrofuran (3 ml) at ambient temperature over several days. Purple plates were obtained in a 33% yield (4 mg, 2.70 Â 10 À6 mol), based on ligand.
Results and discussion
The ligand 5,15-dimesityl-10,20-bis(4-phenylaceticacid) porphyrin (LH 2 ) was prepared as outlined in Fig. 1 . 5-mesityldipyrromethane [13] and 4-formylphenylacetic acid [14] were prepared using slight modifications of literature procedures. The dipyrromethane and aldehyde were reacted with each other and then oxidised with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), to afford the product in 5% yield after purification by column chromatography. Slow diffusion of a solution Mn(NO 3 ) 2 Á 6 H 2 O in MeOH (1) or EtOH (2) into a solution of LH 2 in tetrahydrofuran over a period of a few days gave single crystals suitable for X-ray diffraction studies. In our experience porphyrin crystals are typically difficult to grow and commonly exhibit poor diffraction; in the systems studied here crystals were not only small but of poor quality leading to high Rvalues, notably for 2.
Single crystal X-ray diffraction studies revealed the structure of 1 to consist of one-dimensional coordination polymer [15] chains of alternating porphyrin ligands, L 2À , and Mn(II) cations. Each Mn(II) cation adopts an octahedral Fig. 1 . Synthetic pathway to the ligand LH 2 . Fig. 2 . View of the octahedral Mn(II) coordination environment in 1, with numbering scheme. Displacement ellipsoids are drawn at the 50% probability level. geometry and is coordinated by four methanol ligands and two h 1 carboxylate donors, from two distinct porphyrin ligands, in a trans arrangement (Fig. 2 ) (see Table 2 for selected bond lengths and angles). Carboxylate donors on opposing sides of L 2À coordinate Mn(II) cations to form onedimensional chains (Fig. 3) . The uncoordinated oxygen atom of each carboxylate ligand participates in a hydrogenbonding interaction with an uncoordinated guest molecule of LH 2 (Fig. 3) such that the guest bridges the one-dimensional coordination polymers of [Mn(HOMe) 4 L] n leading to the formation of a hydrogen-bonded two-dimensional sheet of 4 4 sql topology [16] (see Table 3 for details of hydrogenbonding interactions). The guest molecule of LH 2 is also hydrogen-bonded to a further guest MeOH molecule, which in turn interacts with another guest MeOH molecule filling residual space within the crystalline lattice. The presence of the sterically encumbered mesityl groups on L 2À or LH 2 molecules inhibit the close-approach of adjacent molecules and thus restrict the formation of conventional p-p stacking interactions. However, the carboxylate bearing phenyl appendages of L 2À sit close to the macrocyclic cavity of an adjacent porphyrin molecule with (phenyl)C--H Á Á Á N(pyrrole) separation of 2.66 Å . The structure of 2, revealed by single crystal X-ray diffraction studies, consists of a two-dimensional coordination network [15] composed of free-base porphyrins and dinuclear manganese clusters. The dinuclear manganese clusters are formed with the two Mn(II) cations bridged by two carboxylate groups from two separate porphyrin ligands and each capped by a further porphyrin ligand (see Table 2 for selected bond lengths and angles). Similar bridging modes have been seen previously in other MOFs [17] facilitating the formation of manganese-carboxylate chains, but in the case reported here the orientation of the carboxylate donors, particularly the capping mode adopted by two of the porphyrin ligands, leads to enclosure of the dinuclear cluster (Fig. 4) . The Mn(II) square pyramidal coordination sphere is completed by an ethanol ligand. Each dinuclear manganese cluster is coordinated by four porphyrin dicarboxylate ligands which bridge manganese nodes leading to the formation of two dimensional sheets of 4 4 sql topology [16] (Fig. 5 ).
The sheets pack in an ABAB fashion parallel to the crystallographic c-axis and viewing the structure along the crystallographic a-axis indicates the presence of channels. However, similarly to 1, these channels are filled by guest molecules of LH 2 ( Fig. 6 ) which are not coordinated to any metals, but rather these guest porphyrins adopt hydrogen bonds through the carboxylic acid groups. Hydrogen bonding interactions are thus observed between the carbonyl group of each guest porphyrin carboxylic acid and the OH group of the coordinated ethanol molecule (see Table  3 for details of hydrogen-bonding interactions) and between the guest porphyrin carboxylic acid and a manganese-coordinated carboxylate oxygen (Fig. 4b) . The carboxylic acid groups on opposing sides of the porphyrin are both involved in hydrogen bonds and serve to bridge the two-dimensional sheets formed through coordination bonds to generate three-dimensional arrays. As each hydrogen bonded bridge formed by the uncoordinated porphyrin connects each third 2D coordinated sheet, the 3D hydrogen-bonded arrays are triply interpenetrated. The relative orientation of adjacent porphyrin molecules in the structure of 2 preclude p-p stacking interactions. The structures observed here are somewhat surprising in a number of features. Firstly it is surprising that under these conditions the porphyrin macrocycle does not bind a Mn(II) cation within the pyrrolic cavity, but rather two of the pyrrole groups remain protonated. Manganese-based coordination polymers, or MOFs, that contain free-base porphyrins have only been observed twice previously [18, 19] . The only previous example of a manganese coordination polymer with only free-base porphyrin bridges was reported for a network that contains tetra(4-pyridyl)porphyrin bridging Porphyrin-based metal organic frameworks 339 Table 3 . Selected hydrogen bond lengths (Å ) and angles ( ) for 1 and 2. (2) 2.596 (18) MnCl 2 moieties, in which only the peripheral pyridyl groups of the porphyrin ligand are involved in bonding to the octahedral Mn(II) cations [18] . The only other example [19] contains manganese cations bound by the same porphyrin ligand, tetra(4-pyridyl)porphyrin, but within the macrocyclic cavity and axially coordinated by two pyridyl donors from free-base tetra(4-pyridyl)porphyrin ligands. Thus the coordination network contains both free-base porphyrins and metal-bearing porphyrins [19] . Although a number of other examples of coordination polymers and networks that contain free-base porphyrins have been reported, such examples typically exploit large metal cations [20] or hard Lewis acids such as lanthanides in combination with carboxylate donors [21] . It is likely that the present examples exhibit preferential peripheral carboxylate coordination, as opposed to binding within the macrocyclic cavity, due to the hard Lewis acid behaviour of the Mn(II) cation. The solvent dependence of the product formation in the two reactions is quite commonly observed in the formation of MOFs, particularly when solvent coordination is observed in the products. Indeed a dependence on alcohol coordination has been observed before in zinc-based coordination polymers [22] and is a contributing factor leading to the coordination of four MeOH ligands in 1 and only a single EtOH ligand per Mn(II) cation in 2. The number of coordinated alcohol molecules in the two examples ultimately affects the dimensionality of the resulting coordination polymer but it is perhaps too simplistic to conclude that the dimensionality of the network is entirely dependent on the coordinating ability of MeOH vs. EtOH in this system.
Lastly it is unusual to observe a non-coordinating guest porphyrin molecule hosted by a coordination framework and we are unaware of previous examples. However guest inclusion of non-coordinated ligands is a perennial issue in MOFs and coordination polymers [23] and the two examples reported here illustrate the complexity of designing such materials, particularly when the ligands are capable of adopting energetically competitive hydrogen-bonding interactions. The structures reported herein exhibit a number of unusual, if not unique, structural features and reveal the complexities involved in the formation of such materials. It is particularly interesting to note that the formation of hydrogen-bonds allows encapsulation of a large molecule, in this case a porphyrin, by anchoring the guest molecule to the network. How widely applicable such a strategy is remains to be explored and our ongoing studies continue to probe the development of porphyrin ligands capable of forming extended arrays through both coordination bonds and hydrogen-bonding interactions. Fig. 6 . View of guest LH 2 molecules sitting within pores of the two-dimensional coordination network 2. Only the major disorder component is shown.
